ABSTRACT: Human mesenchymal stem cells (hMSC) have proven beneficial in the repair and preservation of infarcted myocardium. Unfortunately, MSCs represent a small portion of the bone marrow and require ex vivo expansion. To further advance the clinical usefulness of cellular cardiomyoplasty, derivation of ''MSC-like'' cells that can be made available ''off-the-shelf'' are desirable. Recently, human embryonic stem cell-derived mesenchymal cells (hESC-MC) were described. We investigated the efficacy of hESC-MC for cardiac repair after myocardial infarction (MI) compared to hMSC. Because of increased efficacy of cell delivery, cells were embedded into collagen patches and delivered to infarcted myocardium. Culture of hMSC and hESC-MCs in collagen patches did not induce differentiation or significant loss in viability. Transplantation of hMSC and hES-MC patches onto infarcted myocardium of athymic nude rats prevented adverse changes in infarct wall thickness and fractional area change compared to a non-viable patch control. Hemodynamic assessment showed that hMSCs and hES-MC patch application improved end diastolic pressure equivalently. There were no changes in systolic function. hES-MC and hMSC construct application enhanced neovessel formation compared to a non-viable control, and each cell type had similar efficacy in stimulating endothelial cell growth in vitro. In summary, the use of hES-MC provides similar efficacy for cellular cardiomyoplasty as compared to hMSC and may be considered a suitable alternative for cell therapy.
ABSTRACT: Human mesenchymal stem cells (hMSC) have proven beneficial in the repair and preservation of infarcted myocardium. Unfortunately, MSCs represent a small portion of the bone marrow and require ex vivo expansion. To further advance the clinical usefulness of cellular cardiomyoplasty, derivation of ''MSC-like'' cells that can be made available ''off-the-shelf'' are desirable. Recently, human embryonic stem cell-derived mesenchymal cells (hESC-MC) were described. We investigated the efficacy of hESC-MC for cardiac repair after myocardial infarction (MI) compared to hMSC. Because of increased efficacy of cell delivery, cells were embedded into collagen patches and delivered to infarcted myocardium. Culture of hMSC and hESC-MCs in collagen patches did not induce differentiation or significant loss in viability. Transplantation of hMSC and hES-MC patches onto infarcted myocardium of athymic nude rats prevented adverse changes in infarct wall thickness and fractional area change compared to a non-viable patch control. Hemodynamic assessment showed that hMSCs and hES-MC patch application improved end diastolic pressure equivalently. There were no changes in systolic function. hES-MC and hMSC construct application enhanced neovessel formation compared to a non-viable control, and each cell type had similar efficacy in stimulating endothelial cell growth in vitro. In summary, the use of hES-MC provides similar efficacy for cellular cardiomyoplasty as compared to hMSC and may be considered a suitable alternative for cell therapy.
Introduction
Heart failure represents a leading cause of death in the United States. Recently, cellular cardiomyoplasty has been explored as a potential therapeutic option for patients at risk for heart failure. One issue limiting advancements in clinical cellular cardiomyoplasty is determining an optimal cell source. Traditionally, cells intended for human use have been limited to those that can be isolated in large quantities. As a result, bone marrow mononuclear cells have become popular in clinical studies (Assmus et al., 2006; Diederichsen et al., 2008; Hamano et al., 2001; Lunde et al., 2006; Patel et al., 2005; Perin et al., 2003; Schachinger et al., 2004; Tse et al., 2003; Wollert et al., 2004) . The use of this heterogeneous population of cells imparts difficulties in trying to assess which cell types within the mix contribute to improved function. One population within unfractionated bone marrow that may be useful is mesenchymal stem cells (MSC) . This cell population has proven successful in both preclinical and clinical studies (Dai et al., 2005; Jiang et al., 2006; Simpson et al., 2007; Tang et al., 2004 Tang et al., , 2005 . Unfortunately, MSCs represent a small portion of the bone marrow and require invasive procedures for removal and subsequent ex vivo expansion to maximize their efficacy. An alternate solution would be to pool several allogeneic cell sources before cellular cardiomyoplasty. Unfortunately, the need to perform invasive procedures still exists. Thus, the derivation of MSC-like cells that can be made available ''off-the-shelf'' without the need for intrusive surgery might help address this problem.
Boyd et al., recently described the derivation of human embryonic stem cell-derived mesenchymal cells (hESC-MC) (Boyd et al., 2009) . H9 hESC and BG01 hESC were cultured in EGM2-MV for 20-30 days until epithelial outgrowths formed a confluent sheet within the culture dish. After several passages, MSC markers began to appear including CD73, CD90, CD105 and CD166. Pluripotent markers such as Oct4 and TRA-1-60 demonstrated significant downregulation with continued passage and culture. hESC-MC exhibited osteogenic and chondrogenic differentiation and the ability to contract a collagen lattice, properties similar to those of MSCs. Moreover, hES-MCs had ex vivo expansion characteristics analogous to MSCs, possibly making them suitable as an alternative to MSC-based therapies. Therefore, we tested whether hES-MCs would have similar utility in cardiac cell replacement therapy as do MSCs.
Materials and Methods

Animal Handling
Male athymic RNU nude rats (250-350 g) obtained from Charles River (Wilmington, MA) were allowed to acclimate to housing conditions for at least one week before use. All animals received care in compliance with federal and institutional guidelines with approval from the Institutional Animal Care and Use Committee.
Cell Culture
CD34 negative female hMSCs (three different donors) obtained from Lonza (Basel, Switzerland) were cultured in complete media consisting of Dulbecco's Modified Eagle's Medium (DMEM) containing 10% MSC qualified serum, L-glutamine and penicillin/streptomycin at 378C in 5% CO 2 . hES-MC and human microvascular endothelial cells-cardiac (hMVEC-C) were cultured in complete EGM2-MV medium containing 5% FBS at 378C in 5% CO 2 . Cells were used for in vitro or in vivo experiments once they attained 80-90% confluency.
Formation of Cell Seeded Collagen Patches
Because of our previous experience showing increased cell delivery efficacy, hMSC (female) expanded to passage P3-P6 or hES-MC (female) expanded to P4-P12 were embedded into a rat tail type I collagen matrix to form cardiac patches (Simpson et al., 2007) . To produce cardiac patches for progenitor cell delivery, 0.2 million hMSC or 0.2 million hES-MC were mixed in a solution of rat tail type I collagen, 5Â DMEM, sodium hydroxide and 10% fetal bovine serum such that the final collagen concentration was 2 mg/mL. The solution was placed in individual wells of a non-tissue culture-treated 48-well plate in order to create a patch that was between 0.3 and 0.7 cm in diameter after compaction. Patches were cultured at 378C in 5% CO 2 for 1 day before in vitro or in vivo usage. For the control experiments, nonviable (NV) cardiac patches were prepared by freezing 1 day old patches overnight in phosphate buffered saline at À808C. The patches were thawed at room temperature and used for subsequent experiments. Non-viable patches were only exposed to a single freeze-thaw cycle. We cannot rule out that the freeze-thaw process altered the patches in some unknown way, but construction of patches with non-viable cells did not allow for sufficient mechanical integrity of the patches.
Viability Assays
To assess cell viability within the construct, patches containing hMSC or hES-MC were digested 3 days after production in type I collagenase (500 U/mL) diluted in DMEM for 30 min at 378C with intermittent mixing to remove cells. Viability was measured using a 1:10 dilution of the cell suspension by trypan blue exclusion. Counts were made using a hemocytometer. Viability was recorded as the number of live cells divided by the number of total cells.
Proliferation
Proliferation was determined by measuring the incorporation of 5-ethynyl-2 0 -deoxyuridine (EdU). Cellularized constructs were pulsed with 10 mM EdU (Invitrogen; Carlsbad, CA) for 72 h after their initial formation. Afterwards, constructs were digested using collagenase to isolate cells as described above. Next, cells were fixed, permeabilized and stained with anti-EdU using the Click-iT proliferation kit (Invitrogen). Afterwards, cells were washed with 1% BSA/PBS and used for flow cytometry. Samples were run and analyzed for positive fluorescein isothiocyanate (FITC) signal using FCS Express 3.0 software and the histogram subtraction function (De Novo Software; Los Angeles, CA).
Assessment of Cell Differentiation
Differentiation of hMSCs and hES-MCs within the patch was measured by monitoring the expression of markers for stem cell potency over several days. hMSCs and hES-MCs isolated from the patch were stained and analyzed for the expression of CD105 and CD73 by flow cytometry. After cells were isolated from the patch, they were fixed using a 4% paraformaldehyde (PFA) for 15 min on ice. Next, cells were stained with the appropriate primary antibodies for 30 min on ice. If necessary, fluorescent conjugated secondary antibodies were added afterwards for 25 min at 48C (Santa Cruz Biotechnology; Santa Cruz, CA). Cells were washed in a 0.3% BSA/PBS solution and analyzed via flow cytometry.
Real Time RT-PCR
RNA was isolated from cellularized constructs 48 h after initial seeding using a commercial RNeasy kit (Qiagen; Valencia, CA). RNA concentration and purity were measured using a spectrophotometer. Afterwards, mRNA was converted into cDNA using an Applied Biosystems cDNA synthesis kit (Applied Biosystems, Foster City, CA). The reaction mixture was run for 5 min at 258C, 30 min at 428C and lastly, 5 min at 858C. Real Time RT-PCR was run using a total of 5 ng template cDNA for each sample. Each sample was run in duplicate using ABI FAST SYBR green supermix (Applied Biosystems) for multiple genes including: angiogenin (ANG), platelet derived growth factor-B (PDGF-B), vascular endothelial growth factor (VEGF), C-X-C motif ligand 1 (CXCL1), ribosomal protein L13A (RPL13A), b-actin and ribosomal protein 18 s (R18s). Primer assays for each primer set were obtained from Qiagen. The fast PCR protocol consisted of an initial denaturing step at 958C for 20 min. Next, samples were run at 958C for 3 s and 608C for 30 s for 40 cycles. Relative RNA abundance was calculated using the following equation: 2
DDcT . cDNA from hMSC monolayers was used as the internal control.
Endothelial Cell Growth Assay
To assess the mechanism whereby the progenitor cells increased vascular formation in the injured area, hMSCs and hES-MCs were cultured under hypoxic conditions (1% O 2 ) for 1 day as a patch in DMEM supplemented with Lglutamine and penicillin/streptomycin (Maintenance Media; MM). All data were taken from cells/patches exposed to hypoxia (1% O 2 ) to mimic likely conditions in the infarct region. Afterwards the conditioned medium was removed from the cells or patches, spun at 5,000 rpm, filtered to remove debris, and placed on hMVEC-C for 3 days. After 3 days, conditioned medium was removed from hMVEC-C, and cell counts were performed. Trypan exclusion was used to determine the total number of cells and viability. Viability was recorded as the number of live cells divided by the number of total cells.
Infarct Model and Patch Application
Myocardial infarction (MI) was induced by permanent ligation of the left anterior descending (LAD) coronary artery in athymic nude male rats. Rats were anesthetized with 5% isoflurane in pure oxygen. After endotracheal intubation and initiation of ventilation the heart was exposed via a left thoracotomy, and the proximal LAD coronary artery was ligated using 6-0 silk suture. Ten minutes after ligation, either viable or non-viable cardiac patches were applied onto the anterior wall of the infarct site and secured with fibrin glue (Baxter; Deerfield, IL). Cardiac patches were secured to the heart directly beneath the ligation site and covered approximately 30-40% of the LV wall. Rats with induced infarction with or without a non-viable construct served as controls. Buprenorphine (0.1 mg/kg) was injected subcutaneously after surgery (and as necessary), and rats were allowed to recover under close supervision.
Echocardiography
Transthoracic echocardiograms were performed on rats using a VisualSonics Vevo 770 ultrasound unit (VisualSonics, Toronto, Canada). The VisualSonics RMV 716 Scanhead with center frequency 17.5 MHz, frequency band 11.5-23.5 MHz, and focal length 17.5 mm was used for echo acquisition in rats. The animals were maintained lightly anesthetized during the procedure with 1.5% isoflurane delivered through a face mask at a rate of 0.3-0.5 L/min. The animals were kept warm on a heating pad, and the body temperature was continuously monitored using a rectal thermometer probe and maintained between 35 and 378C. Two-dimensional and M-mode echocardiography were used to assess LV wall thickness, end diastolic diameter (EDD) and fractional area change (FAC). Images were obtained from the parasternal long axis, and parasternal short axis at the mid-papillary level. Baseline echocardiograms were acquired at 3 days after infarction with additional echocardiograms acquired at 28 days after infarction. Rats with a baseline ejection fraction of 50% or more were excluded from the study.
Cardiac Hemodynamics
Cardiac hemodynamics were measured after the final echocardiographic examination. Rats were anesthetized with 1% isoflurane, and a 2F Millar Mikro-Tip catheter (SPR-869, Millar Instruments, Houston, TX) was inserted into the right carotid artery and advanced into left ventricle. Left ventricle (LV) pressures were recorded on a PowerLab system and analyzed using Chart v6.1 software (ADinstruments, Colorado Springs, CO). After the procedure, rats were intravenously injected with 20% potassium chloride to paralyze/relax the heart before excision for histology.
Myocardial Histology
After the hemodynamic studies, hearts were excised, perfused with 4% paraformaldehyde and then cryoprotected by immersion in 30% sucrose for 24-96 h. Isopentane cooled in liquid nitrogen was used to freeze hearts immersed in optimal cutting temperature (OCT)
in Tris buffered saline with 0.1% Tween-20 was added to sections for 1 h at 378C. Afterwards, sections were washed in PBS, counterstained with DAPI and mounted with an anti-fade aqueous mounting media (Vector Labs, Burlingame, CA). Immunohistochemical staining for asmooth muscle actin (a-SMA, Sigma, St. Louis, MO; 1:200) was performed to detect myofibroblast presence within and around the infarct zone. Non-specific binding was blocked by incubation with 5% goat serum (Sigma) for 1 h. The primary antibody was then added for 2 h at room temperature or overnight at 48C. Slides were then counterstained with DAPI and mounted with an anti-fade aqueous mounting media (Vector Labs). a-SMA positive pixels were counted using Image J software. a-SMA positive muscle and pericytes in mature arterioles were discarded before calculation. To calculate infarct size, at least four Masson's Trichrome stained sections at various levels along the long axis were analyzed for collagen deposition. The midline technique for infarct size determination was used as described previously (Takagawa et al., 2007) . Briefly, the LV midline was drawn at the center of the anterior (lateral) wall along the length of the infarct. This circumference was divided by the total midline circumference of the heart to determine infarct size.
Statistical Analysis and Interpretation
A one-way ANOVA with appropriate post-hoc testing was used for the interpretation of in vivo and histological data sets. A P value less than 0.05 indicated statistical significance. A Student's t-test was used to determine changes in proangiogenic growth factor mRNA abundance between hMSCs and hES-MCs as well as changes in viability and proliferation in vitro.
Results hMSCs and hES-MCs Perform Similarly in Collagen Patches
Because of previous experience with increased efficacy of progenitor cell delivery, we embedded hMSCs and hES-MCs in collagen patches before application to the infarcted heart. This gave us the opportunity to compare the behavior of each cell type in a three dimensional culture system. Stem cell potency for cells cultured within collagen patches was determined by monitoring the expression levels of two antigens within the progenitor/stem cell populations. For both hMSCs and hES-MCs, CD105 and CD73 were used to determine the extent of differentiation at 3 days. hMSCs and hES-MCs embedded within collagen patches displayed similar expression levels for CD105 (hMSCs: 76% vs. hESMCs: 81% expression; P > 0.05). CD73 expression was higher in hES-MCs, however (hMSCs: 75% vs. hES-MCs: 95% expression; P ¼ 0.0002). This suggests similar differentiation existed between the two cell types in 3D culture (Fig. 1A) although hES-MCs maintain higher basal expression of CD73 over long periods in culture.
To determine the proliferative capacity of hMSCs and hES-MCs in collagen patches, the extent of EdU incorporation was measured using a standard pulse-chase protocol. For both cell types, there was a noticeable reduction in EdU incorporation after cardiac patch formation. hMSCs showed an 86% reduction in EdU incorporation while hES-MCs showed a 57% reduction in EdU incorporation ( P < 0.05 for both). hES-MCs maintained a higher proliferative capacity when compared to hMSCs after 3 days (25.5 AE 3.2%, vs. 7.0 AE 0.9% P < 0.01); Fig. 1B) .
Cell viability was comparable between cell types. To determine cell viability within collagen patches, hMSCs and hES-MCs were isolated using a collagenase solution after 3 days in culture. Both hMSCs and hESC-MCs maintained viability above 80% after culture in collagen patches (Fig. 1C) . There was no significant difference in the viability of hMSCs compared to hESC-MCs. (hMSC Patch: 81 AE 3% vs. hESC-MC Patch: 91 AE 3% viability).
The ability of stem cells to compact a collagen lattice was also used to measure cell function in 3D culture. Patch volume was used as a measure of compaction. Both hMSCs and hES-MCs displayed similar levels of compaction over 7 days (Day 7: hMSC: 12 AE 4; vs. hES-MC: 12 AE 2 mL; Fig. 1D) .
Taken together this data shows that hMSCs and hES-MCs respond similarly when cultured in collagen patches and supports previous reports concerning the similarity of these cell types. Given both cell types remain viable and maintain potency in 3D culture, in vivo investigations were performed to determine their efficacy in improving cardiac function after MI.
hMSCs and hES-MCs Improve Cardiac Remodeling and Function After Myocardial Infarction
To determine the effect of cardiac patch transplantation on cardiac remodeling and function after MI, echocardiography and invasive hemodynamics were performed. Both hMSC and hES-MC cardiac patches had a beneficial role in preventing adverse remodeling. In particular, hMSC patches helped to maintain myocardial wall thickness (MI: 0.6 AE 0.1 and NV: 0.7 AE 0.01 vs. hMSCs: 1 AE 0.1 and hES-MCs: 1 AE 0.1 mm; Ã P < 0.05 vs. MI and NV Patch) LV EDD (MI: 9.1 AE 0.1 and NV: 9.2 AE 0.2 vs. hMSCs: 8.2 AE 0.1 and hESMCs: 8 AE 0.2 mm Ã P < 0.05 vs. MI and NV Patch) and the LV FAC (MI: 31 AE 4 and NV: 33 AE 3 vs. hMSCs: 51 AE 3 and hES-MCs: 47 AE 2%; Ã P < 0.05 vs. MI and NV Patch) over 4 weeks after infarction compared to MI and NV patch controls ( Fig. 2A-C) . Representative M-mode images show improved changes in myocardial remodeling with hMSC or hES-MC patch application (Fig. 2D-G) . There was no difference between hMSC or hES-MC patch treatments.
Invasive hemodynamics showed that hMSC and hES-MC applications after MI improved LV end diastolic pressure (EDP) compared to MI and NV patch controls at 4 weeks (MI: 12 AE 2 and NV: 12 AE 3 vs. hMSCs: 6 AE 1 and hES-MC: 6 AE 1 mmHg; Ã P < 0.05 vs. MI and NV Patch controls; Fig. 2J ). There was no significant change in systolic function as assessed by þdP/dt (MI: 8,030 AE 318 and NV: 7,226 AE 415 vs. hMSCs: 8,145 AE 158 and hES-MC: 7,664 AE 355 mmHg/s; Fig. 2I ). Additionally, although ÀdP/dt was significantly increased with hMSC patch application, hES-MC patch application did not induce a similar effect (MI: À6,186 AE 284 and NV: À5,882 AE 63 vs. hMSCs: À8,252 AE 640 and hES-MC: À7,009 AE 59 mmHg Ã P < 0.05 vs. MI and NV Patch controls; Fig. 2H ). For all parameters there were no significant differences between hMSC and hES-MC patches. Infarct size was also unchanged between groups (NV Patch: 38 AE 3%, hMSC Patch: 34 AE 1%, and hES-MC Patch: 34 AE 6%; P ¼ 0.71; Fig. 3 ).
hMSCs and hES-MCs Alter Neovessel Formation After Myocardial Infarction
One possible explanation as to why hMSCs and hES-MCs improve cardiac remodeling and function is through the release of beneficial paracrine factors. Such factors can act by decreasing cardiomyocyte apoptosis, preventing adverse fibrosis, or increasing angiogenesis (Hung et al., 2007; Tang et al., 2004 Tang et al., , 2005 . To determine whether cardiac patch application had an effect on neovessel formation after myocardial infarction, histological evaluation for isolectin B4 was performed. The data indicated that hMSC and hES-MC patches augmented neovessel formation compared to controls (non-viable patch: 3 AE 0.3 vs. hMSC: 11 AE 2 vs. hES-MC: 11 AE 2; P < 0.05; Fig. 4A-D) . Neovessels were generally found on the epicardial side of the anterior infarct and peri-infarct wall, though fewer neovessels were also found spanning the infarct within the lateral and posterior walls. Additionally, histological evaluation was completed to determine the extent of myofibroblast presence. There were no significant differences between the non-viable control, hMSC, or hES-MC groups (Fig. 4E-H ).
hMSCs and hES-MCs Show Different Cytokine Patterns
Despite similarities in neovessel induction, the two cell types showed differences in the relative amount of pro-angiogenic factor mRNA abundances. hMSCs displayed increased mRNA abundance of VEGF ( Fig. 5A ; hMSCs: 16 AE 4 vs. hES-MCs: 1.0 AE 0.2; Ã P < 0.05) and PDGF-B ( Fig. 5D ; hMSCs: 332 AE 87 vs. hES-MCs: 4.0 AE 0.5; Ã P < 0.05) when compared to hES-MCs. On the other hand, hES-MCs displayed increased abundance of CXCL1 ( Fig. 5B ; hMSCs: 3.0 AE 0.3 vs. hES-MCs: 41 AE 4; Ã P < 0.05) when compared to hMSCs. There was no difference in the relative mRNA abundance of ANG between hMSCs and hES-MCs ( Fig. 5C ; hMSCs: 0.5 AE 0.2 vs. hES-MCs: 0.8 AE 0.1; P ¼ 0.2). Despite these differences, hMSCs and hES-MCs conditioned media showed equivalent effects on endothelial cell growth and proliferation in an in vitro trypan blue exclusion assay (Fig. 6 ).
Discussion
The choice of cell source used in human clinical trials is limited by the need to expand specific cell populations after isolation. This is the case with MSCs, which have to be purified and expanded before transplantation into patients. This delay represents a potential problem when treating patients with cellular cardiomyoplasty. Given the difficulties of harvesting mesenchymal stem cells for preventive therapy, it is desirable to develop novel techniques for deriving ''off-the-shelf'' hMSC substitutes. hES-MCs represent one possible solution. It is reported that these cells display a A tissue engineered approach to cell delivery was chosen given evidence that cardiac patches provide increased cell engraftment efficiency (Simpson et al., 2007) . Constructing patches provided an opportunity to study the two cell types in 3D culture conditions. In general, the behavior of hMSCs and hES-MCs was similar when embedded in collagen patches. Both cell types demonstrated a relatively high level of stem cell potency, sustained viability, and reduced cell proliferation. A similar response was seen by Liu et al., in which mouse MSCs displayed reduced proliferation and differentiation potential when cultured in the presence of carbon nanotubes (Liu et al., 2011) . The parallels in behavior between the two cells types in collagen patches adds to previous evidence that hES-MCs are similar in phenotype to hMSCs (Boyd et al., 2009 ) and further supports their role as a suitable alternative to hMSC therapy.
In order to determine the effectiveness of these cell types in mediating cardiac repair, we observed cardiac function after MI with and without the application of hMSC or hES-MC patches. Overall, hES-MCs provided a similar level of structural and functional preservation compared to hMSCs. Several reports using hMSCs as a cell source for cellular cardiomyoplasty have also observed improvement in cardiac function after cell delivery (Dai et al., 2005; Simpson et al., 2007; Tang 2005) . In our study, hMSC and hES-MC cardiac patch transplantations prevented adverse wall thinning, adverse LV remodeling, and adverse changes in diastolic function. It is likely that cardiac patch application modulated the fibrovascular repair response by promoting angiogenesis and possibly an extracellular matrix (ECM) composition that favors maintenance of diastolic function and LV structure. The data support a comparable angiogenic response from both cells types. Given the effect of hES-MCs is similar to that of hMSCs for MI repair, it is likely that neovessel formation is playing a role in MI repair and 
B-D:
Neovessel presence was detected using isolectin B4 and appears red (white arrows). DAPI (blue) was used as a nuclear counter stain (Magnification 40Â). E: Myofibroblast abundances were unchanged between groups. F-H: Anti-aSMA (green) was used to detect myofibroblasts (10Â).
preservation. The similar effect on LV diastolic pressure may represent a similar role in altering ECM content after MI (Berry et al., 2006) . Although several parameters are similar between the two cell groups, hES-MC patch application does not favorably affect ÀdP/dt comparable to hMSC. We speculate that changes in ECM turnover and/or composition may account for such differences. Future experiments that investigate the ECM composition during infarct repair would aid in uncovering beneficial mechanisms to preserving myocardial mechanics and function.
Patch application appears to have little effect on endogenous cardiomyocyte survival or the prevention of infarct expansion. Indeed, treatment with cardiac patches showed no difference in infarct size compared to controls. Previous investigations using hMSCs have shown improvements in these parameters (Amado et al., 2005; Simpson et al., 2007) . Such differences are possibly because of the delivery strategy or number of cells delivered. The current study used an initial seeding density of 2 Â 10 5 cells. Other reports typically use cell numbers in excess of 1 Â 10 6 cells for studies involving a rat model (Dai et al., 2005; Grinnemo et al., 2006; Hou et al., 2007; Nagaya et al., 2005; Tang et al., 2005) .
The effects of hMSCs and hES-MCs on cardiac remodeling, function, and neovessel formation after MI may be the result of paracrine actions on endogenous cells such as myofibroblasts and endothelial cells (Dai et al., 2005; Li et al., 2008; Tang et al., 2005) . The angiogenic effect is thought to be the result of secreted paracrine factors, such as VEGF (Potapova et al., 2007; Tang et al., 2004) , IGF-1 (Chen et al., 2008) , SDF-1 and MCP-1 (Hung et al., 2007) . Despite an expectation that paracrine factor profiles would be similar, given the analogous response to each cell type, there were differential secretory profiles that were cell specific. hMSCs displayed heightened mRNA abundance of VEGF and PDGF-B while hES-MCs displayed heightened mRNA abundance of CXCL1. Despite these differences, the local angiogenic effects of hES-MCs were similar to hMSCs in vitro and in vivo. This implies that there may be multiple ways to achieve the same angiogenic effect. Consistent with this implication, the increased abundance of CXCL1 in hES-MC can lead to VEGF secretion (Scapini et al., 2004) , ECM degradation (Breland et al., 2008) , and subsequent changes in infarct morphology and mechanical properties. Another possible explanation is that the relevant growth factors involved in myocardial repair and/or preservation were not measured in this study. Several other proangiogenic factors such as interleukins, fibroblast growth factor or matrix metalloproteinases may also explain the mechanisms of repair involved in this study. Future studies that involve in depth investigation of an array of paracrine factors and subsequent trophic responses are essential to the progression of the field.
Although the hESC-MCs respond similarly to hMSCs in vitro and in vivo, the clinical usefulness of this approach may be diminished given the possibility of rejection. The data presented, however, represents a proof of concept that can be applied to a more suitable cell type such as induced pluirpotent stem cells, which may offer a scalable autologous source for MSC-like cells with cardiomyoplastic potential. Future studies will address the derivation, differentiation and bioprocessing of induced pluripotent stem cells for cell therapy. Additionally, the use of a homogenous population of cultured cells offers the possibility of efficient genetic tracking once delivered to the recipient. This may allow for the altering of major histocompatibility complexes, using genetic engineering approaches that can eliminate issues of rejection.
Conclusions
In conclusion, hES-MC displayed similar responses to hMSCs in 3D culture, retaining pluripotency and longevity. Additionally, hES-MCs displayed similar efficacy at attenuating adverse LV remodeling and maintaining diastolic function as hMSCs. Given similar angiogenic effects, it is likely that neovessel formation plays a vital role in cardiac repair. Therefore, cellular cardiomyoplasty with the use of hES-MC represents a potential alternative to hMSC therapy.
